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ABSTRACT 

Increasing  iiiceicst  Lik  hclnici  inounled  displays  <J  IMDs)  has  fueled  research  in  variable  cransimuancc  visors  (V'TVj)  because 
4  VTV  cun  Kctuuv  glare  and  inertHC  HMD  edrLttnsi  in  bright  lighting  conditions.  The  Ideal  VTV  will  be  an  electrically 
-■us:  Itu  IliibEe  light  valve  that  ;i.Uuwk  the  pilot  m  n^rJiu^l  visOr  Irunsmitlanrc  i  imt>  In  I  he  l«vp|  appropriate  in  tjsr  ambient !- ;:li !  i ::  r 
conditions.  Liquid-crystal  based  devices- can  provide  an  c-tiidcnE  method  for  accomplishing  this,  t^ecauve  flight  helmets 
ulibze  polycarbonate  visors,  VTVs  must  be  implemented  ljti  complex  curved,  pLasLic  substrates.  Liquid  crystal  devices, 
however,  are  typicaJly  implemented  on  Hat  glass  substrates  We  present  a  novel  system,  Variable  Attenuation  Liquid  Crystal 
Device  (VALiD),  which  r  an  he  utilized  for  this  application.  VALiD  is  a  dichmic  dye  and  liquid  crystal  based  guest-host 
system.  Our  specific  configuration  allows  for  a  fast  system  that  falls  io  the  clear  state.  Furthermore,  die  degree  of  polarization 
dependence  can  he  riiliired  for  use  in  different  applications  VALlD  lias  been  implemented  on  ihin.  flexible,  flai  plastic 
SUbJtrilK*  Recently,  this  has  been  extended  In  doubly  curved  polycarbonate  VubtTrjIti  fetid  4  prototype  has  been  fshr^Jted 
In  llus  paper  we  present  the  characteristics  01"  ihis  technology 
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1.  INTRODUCTION 

Helmet-mounted  displays  (HMDs)  superimpose  visual  information  op  the  pilot's  panoramic  view  of  has  her  surroundings 
The  mfonimicii  mmi  be  legible  to  the  petal  regardless  ofihe  intensity  of  ambient  light,  which  may  vary  from  direct  sunligb 
to  HEtr  tuuJ  darkness.  To  provide  ait  adequate  oonliast  ratio,  essential  for  reliable  perception,  cither  the  intensity  of  the 
projeeied  image  carrying  flic  infermatlian  or  of  the  ambient  light  reaching,  the  pilot  must  be  controllahle  Ei  can  be  difficult  to 
produce  sufficient  display  Eummance  under  bright  view  mg  ouitditioiu,  so  the  mute  elegant  approach  i*  to  adjust  .vee-Lhmugh 
transmittance.  Edcjlly,  this  adjustment  should  Occur  automatically  as  the  hgliLuig  conditions  diouge;  ihere  should  also  be  a 
imiLual  adjustment  ili.it  allows  the  pilot  to  taiEnr  the  system  to  his/her  preference.  The  device  needs  the  fallowing 
duncieriiiia;  it  should 

i  have  adjustable  attenuation  Controllable  by  the  operator 
u,  be  cotaiimetncaiJy  neutral  acrOSi  tllC  visible  spectrum 
in.  have  response  time  comparable  to-  that  of  (he  human  ins  I  --1  t) 
lv.  transmit  a  clear  image  (  no  haze)  at  all  levels  of  attenuation 

v  fail  tn  i  he  cleiir  stiii-q  ,  t.<.,  the  visor  must  become  transparent,  rather  Ilian  dark,  if  die  device  fails 
vs  be  compatible  w-iih  conventional  plastic  helmet  vigors 

vii,  have  low  power  tnojumption 

viii.  be  UV  resistant 

i  s,  show  Jow  ihrmuil  tetdftfviiy 

The  darkening  properties  of  simple  photex:  bromic  matenaJs  cannot  be  controlled  by  an  operator,  which  makes  them 
unsu liable  for  this  application.  Because  of  their  unique  optical  piope-mes,  liquid  crystals  offer  live  possibility  of  low  cast, 
LiditwejgJtt  methods  fur  efficient  light  control  Conventional  liquid  crystal  technologies  oiler  means  of  acini*  mg  Hick  noal*. 
Ho  wcver,  Lhey  jjn  imp  1  erne  diet!  on  glass  Substrate*.  To  Jute,  then:  has  been  no  commercial  liquid  crystal  device  on  Curved 
plastic  suhsuabes. 

Wc  have  developed  and  demonstrated  a  Variable  Ane-nuauon  Liquid  CYviial  Device  (VALlD)  consisting  of  a  dichrcuc  dye 
tlH?)  dissolved  in  j  liquid  crystalline  host  material.  Die  system  adilrevw*  and  meete  ihc  requirements  presented  *bove,  \\ l 
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modeled  and  prototyped.  several  cells  using  a  faiis-ctatr  geometry.  The  device  shows  4  Fast,  colonmetriaiiEy  neutral,  dear 
response  jcthsw;  the  visible  spectrum.  Fuithier.  we  demonstrated  the  technology  is  compatible  wuh  using  phistiC  substrates 
Kecently,  ivr  have  been  success  fill  implementing  it  as  a  Variable  Transmittance  Visor  (VTV)  on  doubly  curved 
polycarbonate  visors, 


2.  Gl'EST-lIOST  SYSTEM  CONFIG L'RATIOIV 

Design  of  the  system  ccnligiiratiun  Jbr  the  Vjnablc  Attenuation  Liquid  crystal  Dcvlcc  i  VALiD}  was  based  on  the 
requirements  presented  shove.  Conventional  liquid  crystal  devices  utilize  the  birefringence  propert  ies  of  ihe  host  sandwiched 
btiwwd  (wo  polarizers,  However,  these  Systems  are  not  suitable  for  IIMD&  due  to  shoiTCOttiingS  in  using  polarizers,  such  as 
clear- slate  transmission  and  viewing  angle  dependence.  Therefore,  a  dithrcuc-dye  liquid-crysLal  guest-host  system  was 
chosen  feu  impLementalion.  It!  dichPOIC  dyes,  the  absorption  crnss’sec  tion  depends  on  the  relative  orientation  of  the  dye  to  the 
incident  field  polarization.  This  -dependence  can  Control  I  min  transmittance  by  use  of  a  liquid  crystal  host  10  align  tire  dye.  By 
changing  the  orientation  of  the  liquid  crystal,  the  orientation  of  the  dye  and,  hence,  the  absorption  and  attenuation  of  hghl  can 
he  controlled  Without  the  use  of  polariiMfs,  changes  in  the  transmittance  are  priniMily  due  to  the  dye  because  liquid 
crystal's  absuTpLLon  is  in  the  1JV.  This  system  can  be  designed  to  have  a  high  cleat-stute  transmission  and  lililc  viewing  angle 
depcndctKe  Furthermore,  suitable  combinations  can  be  formulated  to  yield  a  roionmetncaily  nenlral  system.  The  switching 
speed  for  such  a  system  is  dictated,  by  the  response  uf  the  Liquid  crystal,  which  is  in  miLlLsecond  regime  E  o  maintain  c  Emily 
at  all  level*  of  attenuation,  it  is  necessary  to  minimi*:  light  scattering.  This  requirement  suggests  tlic  system  cannot  be 
Constructed  using  PD-LC-  or  NCAF-based  devices,  which  eicbibtt  haze  in  all  transmission  states.  Conventional  liquid  crystal 
devices  can  be  made  to  satisfy  these  conditions.  However,  ihey  have  not  been,  till  now,  compatible  with  plastic  substrates,.  In 
addition,  the  severe  curvature  of  ihe  helmet- viser  snhstTaics  would  nuke  conventional  procevunp  impossible  The  issue  nf 
tompatibihLy  with  curved  pEaslic  subsLniieS  is  addressed  in  subsequent  sections 


(a) 


lb) 

Figure  I  tieometty  for  FC- VALiD  in  lal  unpoweted,  |bi  psnvcral  nates.  Application  uf  voltage  results  m  Driematum  of  LC  perpendicular 

to  the  suifpcc  cicirmxl  Kuip  Lhiit  iht  LC  cshibu  j  iwlu  m  die  powered  state 


to  principle,  it  is  possible  to  design  i  COJlUgumtt&n  that  IS  norv^bsorbing  in  the  unpowened  stale  and  returns  to  this 
L-Lmilguraiaoii  m  Ihe  event  of  pow  er  loss.  Itie  orientation  of  the  l  iqu  id  Crystal,  and  therefore  ihe  guesl  dye,  depends  on  ihe 


magnitude  Ilf  lilt  applied  volwgc.  enabling  continuously  variable  arrenuaTion.  Polarization  dependence  af  the  Unnimillanci 
can  be  controlled  by  nsing  j  Iwisied  liquid  crystal  coni  mural  ion.  The  raLio  of  the  pilch  of  (he  (wist  TO  the  w  jveJciigilt  of  light 
determines  the  Exlemt  1o  which  the  system  re-irpons-e  is  polarLEanciii  dependent.  Stress  relaxation  m  liquid  Crystals  typically 
results  in  little-  or  nn  hae-e. 

To  obtain  a  Ij  ik-dcar  configuration.  it  it  jiccc-stary  tor  (he  dye  absorption  to  be  minimal  in  the  re  bused  state  This  can 
achieved  by  enbec  the  \m  of  l  j  y  liquid  crystal  with  positive  dielectric  amwiEfopy  and  a  negative  dkhiuic  dye  or  (n>  liquid 
crystal  with  negative  dielectric  anisotropy  and  a  positive  dichnoic  dye.  t"he  surface  alignment  itCodcd  for  the  first  upturn  it. 
plannar;  ihc  second  option  requires  homconopic  alignment.  We  have  found  that  greater  Transmittance  in  the  clear  state  can  be 
obtained  if  wr  use  the  latter  geometry,  figure  1  shows  ibe  liquid  cryslal  and  dye  configuration  in  the  krtlpowertd  and  powered 
states.  The  lyticm  presented  was  named  FaibtehCtcai  VALiD  (FC-VALiU). 


Several  cells  were  fabrre-aied  based  on  (he  above  configuration.  The  cells  were  made  Uiihg  flat  gtasi  substrates  1TO  coated 
substrates-  were  coated  with  a  hcmicotropic  alignment  laycT  and  cured  at  ZOff1  C.  They  were  (hen  assembled  with  5-mtcron 
spacers  and  filled  a  variety  of  liquid  crystal  mixtures.  The  performance  of  she  system  was  Tested  for  a  variety  of  dye  and 
ehirjl  concentrations  Figurt  2  show*  ibe  wavelength  dependence  of  [lie  transmission  i ii  ihe  powered  ihd  unpifwored  states 
for  the  FC- VALiD  configuration.  It  can  be  seen  (hat  the  rransmissLon  decreases  with  voltage  and  the  absorption  spectrum  can 
be  made  coJcnmetHcjlly  neutral 
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Figure  2  Wavelength  dependence  of  Thu  iranuntssiun  of  FC-VALtD.  Note  that  The  tnuitmtssiiro  is  greater  in  the  gnpounerod  sEalc  and  frie 
device  is  colurimcirieaNy  mount. 


To  dale,  we  have  constructed  FC- VALiD  devices  with  ihe  transmission  window  of  6G%- 1 requited  by  l)ic  f  !S  Air  l-orce 
for  dayrtrne  visor  use.  This  system*  is  pnlafiyalinn.  iudepcinktil  tthd  meets  all  the  (equjremenLs  presented  above.  Currently, 
emphasis  ts  placed  m  increasing  die  dear-state  transmission  in  these  systems  while  main  In  mine  the  1  '■%  mnsKion  tn  the 
muimum  powered  suite. 


lib 


3.  CURVED  PLASTIC  SUBSTRATES 


Testing  at  the  FC-VALiD  cantiguraEinn  and  optimnalion  cd  the  reLevant  parameters  wetc  pet  formed  using  flat  glass 
substrates.  Lfftimaiely,  however,  iltc  system  must  he  iiripErmeitted  an  Air  Force  issued  visors.  In  particular,  the  fmaE  FC- 
VaIiD  muil  be  implemented  cm  targe  area,  doubly  curved,  polycarbonate  plastic.  Current  liquid  crystal  devices  aic  based  an 
llat  gloss  substrates.  Hicrefcre,  d  was  necessary  to  perform  a  significant  redesign  on  the  conventional  processing  techniques 
for  liquid  ctyslal  hased  devices.  The  progression  from  flat  glass  to  doubly  curved  plastic  was  divided  into  five  Mages  [lie 
fist  involved  the  use  Of  flat  t;lass  to  develop  anel  test  appropriate  processing,  materials  relevant  to  plastic  substrate  processing 
Issues  that  were  considered  included  Lhe  glass  transition  temperature  of  plastic  subsuates,  chemical  reactivity  ol  prucesssng 
material,  and  curing  iinijpti.iiurcs  of  llie  jln-nnumt  layer.  Funhemooie,  processing  parameter*  such  Us  alignllleiSC  layer 
rhicbiess  and  spacer  deposition  were  tested  for  FC-VALil)  wmh  g.la*s  substrata  fhmng  Lhe  second  stage,  the  system  was 
implemented  on  11  aL  plastic  substrates.  the  materials  and  processing  parameters  dbcamed  were  used  to  test  FC-VALiP  on  flat 
PFT  substrates,  This  choke  at  substrate  was  dictated  by  the  commercial  availability  of  ITO-cooted  plastic,  J  Itl-coaied  FEil 
substrates  were  cut  and  cleaned  using  an  ultrasonic  cleaner.  A  homeOtropic  alignment  layer  was  spun  onto  the  substrates  and 
allowed  to  cute,  TUt  substrates  were  assembled  using  5-micmu  spacers  and  vacuum  filled  i  he  electro-opde  ptu-pcrlies  of  lhe 
FC-VAUD  were  used  to  investigate  Llic  processing  parameter,  such  as  alignment  layer  uniJbmnly  and  spacer  density  lhe 
materials  and  processes  identified  dir  my  the  first  stage  were  rc-evanunvd  and  optimized. 

Cylindrical  V.M  .if)  can  bt  achieved  by  etiher  using  two  conformal  cylindrical  substrates  ot  rwo  flexible  flat  siibstrties.  We 
decided  to  use  flat  Substrates  because  the  processing  techniques  developed  earlier  would  require  less  modification.  Therefore, 
this  stage  involved  implementation  of  material  and  processing  on  flexible  PET  substrates-  The  substrates  used  were  7-malp 
ITOsmated  FET  fooni  CortauEd  plasties,  Tbe  substrates,  were  cleaned  and  coaled  with  a  bumeotropie  alignment  layer  using 
spm  coaling  techniques.  They  were  then  assembled  using  j-nncTun  spiurtrS  ;lrtd  Staled  with  a  I  'V- curable  epoxy.  lhe  celt 
was  vacuum-filled  with  a  mixture  ofliquid  crystal  and  a  Mitsui  £-4jft  black  dichioic  dye.  The  celts  showed  flexibility  and 
were  conformed  to  ihc  cylindrical  shape  of  the  Army  &WD  toggles,  Figure  3  shows  the  FC-VALiD  based  goggles  obtained 


Figure  3  An  FC-VALif)  tuased  system  implemented  <hi  nejcibfe  subslnite  lot  uwm  SWl)  goggle 
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Air  F'orce  visors,  unlike  the  Army  SW[>  goggles,  arc  curved  lit  boiii  directions.  There  i£  a  significant  jump  in  moving  from  a 
cylindrical  curvature  to  a  double  curvature  This  IS  pTsttyrdy  lIucj  to  the  change  in  the  area  asswuUCd  wii]i  a  complex  curve 
UsiLike  ihe  cylindrical  cells,  a  flat  cell  cannot  be  made  to  fit  a  cisot  withott  significant  alteration  in  Us  area.  Therefore,  it  is 
n&t  possible  H>  use  flat,  sabstrates  to  obtain  FC-VALiD  based  VTYi, 

I  o  obtain  double  curved  FC-VALiD,  it  wii  necessary  rouse  two  cor  forma]  substrate'  This  required:  a  significant  alteration 
tn  processing  beehniqwciv  To  develop  these  techniques,  specially  dtiigited  spherically  shaped,  conformal  lenses  Coated  wnh 
ITO  were  used.  'I"he  spherical  nature  of  the  lensc-s  allows  for  rotation  symmetry  during  lhe  iS4*mb1y  process  lhe  two  halves 
were  icpicd  for  conformity  prior  to  processing,  Et  was  found  thar,  despite  weFul  manufacturing  conditions,  ihr  nJTUral 
OOttfODtUly  was  ELOH  within  tile  tolerances  required  for  liquid -Crystal  based  devices  Thus,  K  was  necessary  to  reshape  the 
substrates  to  achieve  confonruiy,  In  addition,  novel  processing  methods  had  to  be  developed  hce^bse  conventional  techniques 
such  as  spill  coating  am  designed  for  Hat  substrates.  These  methods  were  developed  and  enabled  os  to  implement  FC-VaLiD 
on  spherical  lenses  vilh  performance  matching  that  obtained  on  flat  glass, 

Recently,  we  have  been  able  to  demonstrate.  for  the  first  time,  implementation  of  a  Liquid  crystal  I edmology  on  doubly 
Curved  plastic  subsiiascs.  A  base-cap  YESor  pair  was  purchased  form  AQtCC  LLC.  Although  the  basenrap  pans  arc  Stackable, 
thev  are  not  cociformul  Co  wiilini  the  tolerances  required  for  liquid-crystal  based  IcctinO-lugieS-  Funtieminrc.  lhe  toroidal 
luiure  of  the  visors  means  Lhat  the  processing  techniques  must  also  be  rotationallv  sensitive.  As  with  the  tenses,  the  base^qap 
visor  pairs  were  processed  and  forced  to  conform  with  a  1-mu.Ton  tolerance.  They  were  coated  with  low  resistance  I  1,0 
followed  by  our  lionieolmpie  alignment  layer  and  assembled  using  Simcron  spjcecs.  The  visor  assembly  was  ihcn  vacuum 
lUled  with  (be  l.C'  dye  mixture  and  scaled..  Figure  ^  shows  lhe  vi&or  with  FC-  VAl.iD  system.  The  system  was  tuned  to  allow 
a  TTinsuiiiSitWl  range  of  55^4-15%.  ITils  window  mcelS  the  requirement  for  daynme  use  by  the  pilots. 


Figure  4  An  HGU-55'P  hdnwt  visor  with  FC-VALiD  system 


Alliiougb  this  system  has  beCfi  demoititialed.  there  are  a  number  of  issues  that  need  10  be  sddiessed.  In  addition  to  materials 
performance,  lhe  conformality  of  the  substnU«.  b  an  essential  feature  of  the  device  and  requires  tight  oOnliol.  This,  along 
wjih  the  novel  processing  methods  required,  make  it  a  challenging  task  CO  develop  a  completely  controllable  visor  system 
AlpbaMicron  is  currently  developing  the  processing  steps  needed  for  reliable  production  of  these  visors. 


4.  CONCLUSIONS 


We  have  demonstrated  a  technology  for  use  in  VTVs  Liquid  crystal  can  meet  the  requirements  presented  by  the  Air  Force  In 
addsucnn  !o  i  fails-clear  configuration,  the  system  can  be  implemented  nn  plastic  substratei!,  We  Have  shown,  lor  the  first 
time.  dint  e[  is  possible  [0  unplmticni  liquid  crystal  Eec  hnologteE,  on  curved  plastie  Mibstralcs  This  has  heen  i  fLiiidiimrmal 
JimtLUcon  lor  liquid  crystal  tL-chnulogy.  We  are  currently  working  inward  optimizing  Lhc  process  for  future  manufacturing. 
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